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Summary of research under AFOSR Contract #F49620-91-C-0080

Personnel: Joe Halpern (1), Nir Friedman, Adam Crove. Daphne Koller

The research performed nunder this contract caun he roughly divided into four arcas:

Computing degrees of belief: Consider an ageut (or expert system) with a knowledge base
K B that includes statistical information (such as “90% of patients with jaundice have
hepatitis™) who would like to assign a degrec of belief toa particnlar statement ¢ (such as
“Tom, a patient with jaundice, has hepatitis™). For example. a doctor may want to assign
a degree of beliel that a patient has a particular illness hased on the symptoms exhibited
by the patient, together with general information about symptoms and discascs. Since
the actions the agent takes may depend crucially on this degree of helief, we would like
techniques for computing degrees of beliel in a principled manner. We have investigated
three methods of doing so. All three methods are applications of the “principle of in-
difference™, becanse they assign equal degree of helief o all hasic “situations™ consistent
with the knowledge base. They differ hecause there are competing intuitions about what
the basic situations are. Various natural patferns of reasoning. such as the preference
for the most specific statistical data available, turn out o follow from some or all of the
techniques. This is an improvement over carlier theories. such as work on direct inference
and reference classes (going back to the 1930°s) which arbitearily postulate these patterns

without offering any deeper explanations or gnarantees of consistency.

The three methods we investigate have surprising characterizations, that show their refa-
tionships to other approaches to obtaining degrees of heliell For exam ple, one approach
is strongly related to maximum entropy (and, indeed, can he viewed as a generalization
of it), while another can he shown, roughly speaking. to maximize independence among
predicates as much as possible. There are also unexpocted connections hetween the three
approaches, that help us understand why the specific langunage cliosen (for the knowledge
hase) is much more eritical in inductive reasoning of the <ort we consider than it is in
traditional deductive reasoning.

One of the applications of this framework is to default reasoning. Suppose we captlure a
default such as “typically birds fly™ as the statistical statement “almost 100% of birds fiy™.
It we include such defaults in the KB, then we aufomatically gt some of the properties
that have been most sought-after in default formalisms. including preference for more
specific information and ability to ignore irvelevant information. The methods can also
he extended to deal with causal reasoning in a natural wav. Thus. our approach can be

used for a wide spectrum of reasoning: quantitative, qualitative. and cansal.

ANl three methods mentioned above can he viewed as campatible with a Bayesian ap-

proach, which says start with a prior probability and candifion on whatever information -
you receive. The problem with the Bayesian approach iv that it does not tell ns what i
space (o take a prior over, or what that prior should heo Our work can be viewed as
answering these questions. Once we fix our lapguage (wheveo technically, the language
consists of constant symbols, function symbols, and predicate symbols, as in first-order
logic). a possible world just defines a possible interpretation far all the symbols in the

it 2 i e

Avail a2
pist | "V @

-




language. That is, if the language includes the predicate symmbols Hepatitis and Jaundice,
and the constant Tom, an interpretation describes which individuals have hepadtitis, which
ones have jaundice, and which one is Tom. We put a prior on the set of possible worlds.
Qur focus has been on priors that satisly some uniformity conditions, and our results
show that they have quite attractive properties. However, our results also show that they
are not always appropriate. More recently, rather than considering a particular prior, we
have considered the question of what properties of priors give us desirable properties of
heliefs (such as allowing us to ignore irrelevant information). \We are also beginning to

consider algotithmic aspects of this approach.

Papers A2, A3, A1, AG, B1. B2, B3, B4, B5. BG. B9, BIG. B17. O3, and CH summarize

our work in this arca.

Reasoning about knowledge and conunication: A recent trend in analyzing compli-
cated systems has heen to think in terms of one agent knows about what other agents
know, and how this knowledge changes as a result of communication. Under this con-
fract, we have (a) shown that this approach (and the formal model of systems that goes
along with it) can he used to capture aspects of knowledge hases more clegantly and con-
cisely than the traditional axiomatic approach. (h) provided a formal logic for analyzing
communication and knowledge change, and (¢) provided a logic that captures the more
computational aspects of reasoning about knowledge. This fatter problem is a longstand-
ing one, since it is well known that the standard madels for reasoning about knowledge,
using possible-world structures, suffer from the problem of fogical omniscicnce: agents
know all tantologies, and the logical consequences of their knowledge. Our model cap-
tures the algorithms used by agents to compute their knowledge in a direct way; most of
the previous attempis to solve the problem can be embedded in our solution in a natural
way. ‘Thus, our approach can he viewed as a generalization of them all. The work in this

arca is summarized in papers Af, B5BIO, and BI5H.

Nommnonotonic reasoning: While a groat deal of work has heen done on nonmonotonic rea-
soning. almost all of it has assumed that there s only a single agent. Tt has been a
fongstanding problem to extend some of the standard approaches (o nowmonotonic rea-
soning to multiple agents. This problem has now heen solved for two approaches to “only
knowing™. due to Levesque and to Malpern and Moseso "he approach should extend
naturally to Moore’s autoepistemic logic. Tn addition, by coing hack to the original defi-
nitions of various approaches to nonmonotonic reasonine. we were able to acquire a deepear

understanding of sources of potential prohlems.

More recently, work was done trying to provide & acnceral madel for ronmononotonic
reasoning. Many nonmonotonic logics have heen proposedand there is fittle agreement
as to what is (he “right™ oneor whether thereis any “right™ ones Thereis some agreement.
on the other hand, on some hasic “core™ prapertios for nonmonotonic reasoning. These
propertics have heen called the KLM propertios (for Kraus, f.elhmann, and Magidor).
Many different approaches to nonmonotonic reasoning have heen proposed. all of which
lave heen shown to he characterized by the KA properties in the propositional case:
including preferential logic, c-semantics, possibiity theacy. and o rankings. This has been

viewed as quite surprising. Recently, we have proposed a qualitative way of capturing




likelihood that we call plausibility measurcs. 1 is straightforward to show that all the
approaches to giving semantics to nonmonotonic reasoning that can be characterized by
the KLM properties can be easily mapped into plansibility spaces. Morcover, a single
property of plausibility is provided that is necessary and suflicient to guarantee that the
KLM properties are sound, and another is weak properfy is provided that guarantees that
they are complete. Since all the known approaches are easily seen to liave hoth properties,
it is no longer so mysterions that they can he characterized by the KLM properties.

Fhings change significantly once we move to the forst arder case. Using the insights
alforded by thinking in terms of plansibility, we can show that all the approaches alluded
to above other than c-semantics lack significant expressive power once we introduce first-
order quantification. These results emphasize the naturalness and appropriatencess of an

approach based on plausibility.

The work in this area is summarized in papers A7, R7 B8 CHand C6.

Belief change: The study of helicf change has been an active arca in philosophy and in ar-
tificial intelligence and, more recently, in game theors. "the focus of this research is to
anderstand how an agent should revise his heliefs as a cesult of getting new information.
In the literature, two instances of this general plicnomenon have heen studied in detail:
Belicf revision attempts to deseribe how an agent should aceammadate a new belief (pos-
sibly inconsistent with his other beliefs) about a static world. Belicf update, on the other
hand, attempts to describe how an agent should clange his heliels as a resalt of learning

about a change in the world.

Belief revision and belief update describe only fwa af the many scenarios i which beliels
change. Under this contract, we have canstructed a fiamework to reason about belief
change in general. The framework starts starts with a h amewark introduced carlier by
the Pl and his collaborators for reasoning ahout knowledge in multi-agent systems. The
framework explicitly includes time, so lets us fnvestigate how knowledge changes over
Gime. We oxtend it to inclide beliefs and plausibilities . using the nwotion of plausihility
measire discussed above. Since our framework allows ne to talk about knowledge, he-
lief. and time, it gives us a powerful tool for capturing varions notions of heliel change.

Mauny situations previously studied in the Titeeatures such s diaguostic reasonping and the

prisoncr’s dilenna from game theory, can he easily captired o the framework.

The framework can casily capture revision and update as special cases, and gives us a
muel botter understanding of them. For example, it hiines ont how update prefers to defer
“abhnormalities™ to as late a time as possible, an approach which is ravely appropriate in Al
applications. Mare vecently, it was shown thad makine o qualitative Mavkor assumplion
gives ns a notion of beliel change that s perhaps clower fomour ntuitions than ofhers
proposed in the literature.

This work is summarized in papers BUL B2 BI3 800 0 and €72

Other highlights during the contract period inchude:

e Adam Grove received his PhoD.in the sommer of 199 and hegan working at NEC in
September, 1992,




e Daphne Koller reccived her PhuD.in December, 1992 She s currently a postdoctoral

follow at U.C. Berkeley, holding both an NS Postdoctoral Fellowship and a University of
California President’s Postdoctoral Fellowship. Her thesis won the Arthur Samuel award

(for Dest thesis in the Stanford Comptuer Science Department).

Joe Halpern was elected a fellow of the AAATin 1993, Tu addition. he was invited to speak
at the 3rd Kurt Gadel Colloguium in Broo, Czechostovakia, in Angust, 1993, at the 13th
Conference on Foundations of Software Teclinology and Uheoretical Compater Science, in
Bombay, India, in December, 1993, at the Tnternational Conlerence on [Spistemic Logic
and the Theory of Games and Decision, in Marseille, tn Tannary, 1991, at the Third CSLI
Workshop on Logic, Language, and Computation, at Stanford, in June, 1994, and at
the Fourth International Colloquinm on Coguitive Science. ta he held in San Sebastian,
Spain, in May, 1995, He has also served on the program committees for the 12th and
(1th Annual ACM Symposinm on Principles of Disteibuted Computing. the 3rd Bar-Tlan
Symposium on Foundations of AT, AAAT 91 (as area chaiv for knowledge representation).
and the Third Tsracli Symposium on Theory of Compnting and Systems. Finally, he was
appointed arca editor of the Journal of the ACH 1992 and consulting editor for the
new online Chicago Journal of Theovetical Seicnec in 1991 and continued to serve as
editor of Information and Computalion and the Jouredd of Logie and Computation, and
as editor of the special issue of the Jourpal of Cowppauto and Sustcis Sceicnee devoted 1a
the hest papers of the 1991 ACM Symposinm an Theoretical Computer Seience.
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hasis of evidenee™, Computational Totelligenee 1O 1090 ppo 26,

A d. Grove, 1Y Halpern, and D, Koller, Random worlde and masimuam entropy. Jowrval
of Al Research, 2. 1994, pp. 33 -88.

AL J. Grove, Y. Halpern. and D Koller. Asyvmptatic conditional probabilities: The

nnary case, accepted for publication, STAN Toavaal oot putong. 1994,

1oV Halpern, Shoubd knowledge entail heliel acceptod o pubilication, Jowraal of Philo-
saphical Logre, 1991
AL T Crove, 1Y, Halpern, and Do Koller. Asymptonie conditional probabilities: The

nonnuary case, accepted for publication. Jourwal of Seedodie Logrec 1991

TY . Halpern and (1 Lakemeyer, Levesque's axiomatization ol anly knowing is incomplete,

accepted for publication. Avtificial Intclligence, TA9L
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G.

A. Grove, 1.Y. Halpern, and D. Koller, Asymptotic conditional probabilities for first-order
logic, Proc. of 24th ACM Symposium on Theary of Cowputing. 1992, pp. 294-305.

A. Grove, 1.Y. Halpern, and D. Koller, Random worlds and maximum entropy, Proc. of
7th Awnual IEEE Symposiwm on Logic in Computer Scocpec 1992, pp. 22-33.

I Bacchus, A. Grove, LY. Halpern, and 1), Koller, Fram statistics to heliels, Proc. of
AAAT 92,1992, pp. 602 GOS8,

D. Koller and 1.Y. Halpern, A logic for approsimate reasoning, roc. of Third Inter-
national Conferenee on Principles of Knowledge Reprosentation and Reasoning, 1992,
pp. 1h3 164,

A. Grove, Semantics for knowledge and communication. Proc. of Third International
Conference on DPrinciples of Knowledge Represcntation and Reasoning, 1992, pp. 213
224.

. Bacchns, A. Grove, 1.Y. Halpern. and D, Koller, Statistical foundations for default
reasoning. Proc. of 13th Intcrnational Joint Confercace v Utificoal Intelligenee (L1CA]
03). 1993, pp. 563 569.

1.V, Halpern. Reasoning about only knowing with many agents. Proesof AAAT 7931993,
pp- 655 661,

1Y, HMalpern, A eritical reexamination of default logic. antoepistemic logic, and only
knowing, Computational Logic and Proof Theory (Procecdings of the Kurt Gadel Sympo-
sinm. KGC93). Lecture Notes in Computer Science, volo 7130 Springer. 1993, pp. 13- 60.

. Bacchus, A. Grove, 1.Y. Halpern, and D). Kaoller, Generating degrees of heliel from
statistical information: an overview, Procccdimgs of the 1400 Conference on Foundations
of Software Technology and Theoretical Copputor Scicioce. Lecture Notes in Computer
Science, Vol 761, Springer, 1993, pp. 318 320,

J.V. Halpern, Y. Moses, and M. Y. Vardi. Algorithmic knowledge: Procecdings of the 5ib
Conferenee on Theorctical Aspeets of Reasoning Yhoat hoowlodge 1991 pp. 255 266.

N. Iricdman and 1.V, Halpern, A knowledge hased  (ramewark for helief change. Part
[ Foundations, Proceedings of the Sth Conferencee oo Dhoorctieal Vspeets of Reasoning

About Knowledge, 1991, pp. 11 61,

N. Friedhman and T Y. flalpern, A knowledge based foanework for heliel change. Part
1H: Revision and update, Proceedings of the {ih Antciaalecmal (Conlorenee on Priveiples of

Kuowledge Represcutation and Reasonipg, 19910 ppo 1900 201,

N. Friedman and 1. Y. Halpern, On the complesity of canditional logies. Procccdings of the
Ath International Conference on Prineiples of Woowlodao Represontation and Reasoning.
1994, pp. 202 213,
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16.

N. Friedman and J. Y. lalpern, Conditional logics of helief change, AAAT-94 (Proccedings
of the Twelfth National Conference on Artificial Intelliqeaec). 1991, pp. 915-921.

R. Fagin. 1. Y. Halpern, Y. Moscs, and M. Vardi, An operational semantics for knowl-
edge hases, AAAI-94 (Proccedings of the Twelfth Natiowal Confercnce on Artificial Intcl-
ligenee), pp. 1142 1147, 1991,

F. Bacchus, A. Grove, J.Y. Halpern, and D. Koller, Forming heliefs about a changing
world, AAAL-9) (Proceedings of the Twelfth National Conforcnec on Avtaficial Intelli-
genee), 1994, pp. 222229

7. I. Bacchus, A. Grove, 1.Y. Halpern, and D. Koller, Generating new beliefs from old,

Proceedings of the Tenth Conference on Unecrtarnty 7x V1991 pp. 37 15.
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N. Fricdman and 1. V. Halpern, A gualitative Markov assumption and its implications for
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submitted to 14h International Joint Conference on Vstificial Intclligenee (IJCAI ah).
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Additional publications

Journal Publications

3. D. Koller and N. Megiddo, Constructing small sample spaces satislying given constraints,
STAM Journal on Discrete Mathematics, T:2, 1991

9. . Koller and N. Megiddo, Finding small mixed strategios, accepted for publication,
International Journal of Game Theory, 1991

B. Papers in Conference Proceedings

18. D. Koller and N. Megiddo, Constructing small sample spaces satisfying given constraints,”
Proccedings of the 25th ACM Symposium on Theery of Computing, 1993.

19. D. Karger and D. Koller, (De)randomized construction of small sample spaces in NC,
Proceedings of the 85nd Annual Symposium on {he Poundations of Computer Seience

(FOCS), 1994.

20. N. Koller, N. Megiddo, and B. von Stengel, Iast algorithms for finding randomized strate-
gies in game trees, Proceedings of the 26th ACM Symposivm on Theory of Computing

(STOC), 1994,

C. Other Publications

7 . Bacchus, A. J. Grove, 1. Y. Halpern, and D. Koller. IFrom statistical knowledge bascs
to degrees of belief, TBM R.J 9855, 1994, submitted for publication.
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